[1] The silicic acid leakage hypothesis (SALH) suggests that during glacial periods, unused silicic acid escaped the Southern Ocean into the equatorial oceans, causing an ecological shift favoring diatoms relative to coccolithophorids and a drawdown of CO 2 . The Th ratios and with satellite estimates of primary productivity. Down-core opal flux records do not support the SALH but show Holocene opal burial to exceed that of the late glacial period by 35%, or 2.8 Gt opal/kyr, across the equatorial Pacific. This suggests that the SALH may not account for lower atmospheric CO 2 levels during the late glacial. However, the data do support results from previous studies that invoke increased El Niño-like conditions during this time. 
Introduction
[2] The pCO 2 record from the Vostok ice core in east Antarctica shows that atmospheric CO 2 concentrations averaged 180 -200 ppm during peak glacial periods, while pre-anthropogenic interglacial periods were characterized by levels 80 -100 ppm higher [Petit et al., 1999] . As changes in atmospheric CO 2 are linked to past (and potentially future) climate changes [Shackleton, 2000] , determining the cause of these fluctuations has been a priority for the paleoclimate community; however, no single explanation has been widely agreed upon [Archer et al., 2000] . A recent attempt to explain these changes is the silicic acid leakage hypothesis (SALH). Matsumoto et al. [2002] and Brzezinski et al. [2002] proposed a mechanism to account for CO 2 fluctuations based on changes in the ocean's silica cycle, which relies on an increase in diatom productivity to lower the glacial CaCO 3 :C org rain ratio in the equatorial oceans, and raise ocean alkalinity. Here we describe the mechanism by which a redistribution of dissolved Si in the glacial ocean could have lowered atmospheric CO 2 levels, and then present results from equatorial Pacific sediments to test the prediction of this hypothesis that opal burial rates there would have been greater during glacial periods. Our results are the opposite of those predicted by the SALH, and require another explanation for low glacial atmospheric CO 2 levels. However, these results are consistent with previous studies that show evidence for El Niño-like conditions during the Last Glacial Maximum (LGM) in the equatorial Pacific, as our data suggest increased productivity in the western equatorial Pacific, and decreased productivity in the eastern part of the basin during this time.
Principles Underlying the SALH
[3] The SALH links changes in atmospheric CO 2 to perturbations of the ocean Si cycle. Atmospheric CO 2 is sensitive to perturbations in the global rate of CaCO 3 production. Production of CaCO 3 by marine phytoplankton, in turn, is sensitive to the availability of dissolved Si, which influences the ability of coccolithophorids (CaCO 3 producers) to compete with diatoms for available nitrate and phosphate. The following sections will introduce the ocean carbonate system and Si cycle, as well as detailing how they are related to one another through the SALH.
CaCO 3 Compensation
[4] The ocean's inorganic carbon system partially regulates atmospheric CO 2 through changes in the ratio of carbonate alkalinity (CALK) to total dissolved inorganic carbon (DIC). At steady state, the supply of alkalinity to the ocean from continental weathering must be balanced by the removal of alkalinity through CaCO 3 burial. Any perturbation causing a departure from steady state will lead to a readjustment of the ocean's inorganic carbon system so as to reestablish a balance between supply and removal, on timescales of a few thousand years [Archer et al., 2000] . This takes place by altering the fraction of CaCO 3 produced by marine organisms that is preserved and buried [Broecker and Peng, 1987] .
[5] The SALH involves a perturbation of the ALK and DIC systems through a decrease in the global average rate of CaCO 3 production during glacial periods compared to interglacials. Assuming the supply of ALK to the ocean by weathering rates to be constant, the SALH predicts that if CaCO 3 production decreased, then initially its burial would also be reduced. Imposing this perturbation on an ocean previously in steady state would lead to a situation in which alkalinity supply to the ocean was greater than its removal, and [CO 3 2À ] would increase. An increase in [CO 3 2À ] would deepen the saturation horizon, assuming that temperature and pressure remained relatively constant, allowing a larger fraction of the CaCO 3 raining to the deep sea to be preserved and buried, thereby returning the system to balance with respect to the input and removal of alkalinity. This increase in [CO 3 2À ] would also lower the concentration of CO 2 (a q ) because of the equilibrium reaction: CO 2(aq) +H 2 O+CO 3 2À () 2HCO 3 À , and this change would eventually be communicated to the atmosphere.
[6] Both box models and general circulation models (GCMs) predict equilibrium atmospheric CO 2 concentrations under a variety of glacial-interglacial scenarios. Using a box model driven by a change in the Southern Ocean Si:N export ratio from 6 (interglacial) to 1 (glacial), predicted a new steady state pCO 2 of 230 ppm, compared to 277 ppm before any perturbations. While this does not account for the full glacial-interglacial change in pCO 2 as recorded in ice core records, it could explain a significant portion of this shift.
Role of Si in CaCO 3 Production
[7] In the modern ocean, water upwelling in the tropics has a distinct low-silica, high-nitrogen signature. The source of this signature can be traced back to the Southern Ocean (SO). Upper Circumpolar Deep Water that upwells south of the Antarctic Polar Front (APF) has a dissolved Si:N molar ratio of between 2:1 and 3:1 . After reaching the surface, this water moves northward as Antarctic Surface Water, where Si and N are consumed by diatoms. Diatoms in the SO are iron limited, which increases the cellular Si/N uptake ratio compared to that of diatoms growing under fully nutrient-replete conditions (1:1) [Brzezinski, 1985] . The uptake ratio of Si:N can reach as high as 4:1 in the SO [Franck et al., 2000] , depleting the available silica in surface waters while substantial concentrations of nitrate remain [Sarmiento et al., 2004] . Additionally, N is preferentially regenerated (relative to Si) from sinking debris [Nelson et al., 2002] , which serves to retain N in surface waters. This difference in regeneration efficiency compounds the effect of preferential uptake of Si by Fe-stressed diatoms. Therefore the ratio of Si:N exported from surface waters as sinking biogenic debris south of the APF can reach as high as 6:1 (Figure 1) . Consequently, by the time these surface waters move north of the APF into the Subantarctic zone, almost all of the Si has been consumed, while nearly half of the initial nitrate remains unused. This water is then incorporated into the Sub-Antarctic Mode Water (SAMW) forming north of APF, which shows characteristic Si:N ratios of 1:2 [Sarmiento et al., 2004] . As SAMW sinks, the Si:N signal is transported northward, filling the thermocline of southern hemisphere oceans and eventually upwelling at the equator Sigman et al., 1999] .
[8] Upwelled water in the equatorial Pacific contains Si and N in ratios lower than 1:1 [Conkright et al., 1994] , which limits diatom growth in this region today [Dugdale and Wilkerson, 1998 ]. According to Dugdale and Wilkerson [2001] diatoms can outcompete other phytoplankton for nitrate, but only as long as there is sufficient Si available to them. Therefore, if the water transported via the thermocline and upwelled at the equator during glacial periods had a dissolved Si:N ratio substantially greater than today, then diatoms would have been at a competitive advantage for other nutrients such as nitrate, increasing their productivity at the expense of other taxa, including coccolithophorids. If this situation occurred globally throughout tropical upwelling systems, then it could have led to global average CaCO 3 production rates during glacial periods that were substantially less than during interglacials.
[9] It has been suggested that higher concentrations of dissolved Si may have existed in SO surface waters during the last glacial period because of decreased Si uptake by diatoms. Brzezinski et al. [2002] cite the addition of iron Figure 1 . Molar ratio of the seasonal drawdown of dissolved Si to that of dissolved nitrate measured during the U.S. Joint Global Ocean Flux Study (JGOFS) study along 170°W. Initial concentrations were measured in October and November 1997. Final concentrations were measured in February 1998. Contours have been smoothed to eliminate irregularities due to different sample locations on different cruises, but the high drawdown ratios south of the APF are a robust feature of the data set. At 170°W the Antarctic Polar Front is located at $61°S, and the Southern Boundary of the Antarctic Circumpolar Current is at $66°S (raw data used to generate Figure 1 are available from the U.S. JGOFS Data System at http://usjgofs.whoi.edu/jg/dir/ jgofs/southern/). through increased dust flux, which could potentially lower the ratio in which Si(OH) 4 and NO 3 À are taken up by diatoms from 4:1 to 1:1, as a mechanism to reduce Si uptake by diatoms. Iron fertilization during glacial periods therefore could have increased silicic acid availability in the SO relative to the present, while potentially depleting the SO of nitrate.
[10] Stable isotope analyses of N and Si in Southern Ocean sediments are interpreted to support this hypothesis . Owing to the discrimination by phytoplankton against 15 N during uptake of nitrogen, the 15 N of preserved material can be used to record the efficiency of nitrogen utilization at the time the organic matter was formed. In regions such as the Southern Ocean, where nitrate utilization efficiency is low, an increase in utilization should be recorded as an increase in 15 N of organic matter preserved in sediments. This is the case south of the APF where 15 N org values (near 6%) during the latter part of the last glacial period (LGP; defined here as roughly 18 -28 kyr BP to encompass a longer interval than the LGM, and to reflect the inherent uncertainty in age models for most Southern Ocean sediment cores) were greater than during the Holocene (4.1%) [Francois et al., 1997] Si is preferentially excluded in opal formation by diatoms. Silicon isotope values from the Southern Ocean show the most negative 30 Si values during the LGP, and a 0.5% increase into the Holocene, suggesting an increase from 40% Si utilization at the LGP to 90% during the Holocene [De La Rocha et al., 1998 ].
[11] Another possible explanation for the presence of excess Si in the glacial Southern Ocean stems from the idea that sea ice cover limited diatom productivity south of the APF, allowing the upwelled silica to be transported across the APF in surface water [Charles et al., 1991; Chase et al., 2003] . In today's ocean, south of the APF, there is a strong correlation between the number of ice-free days at a site and opal accumulation in the underlying sediments [Chase et al., 2003] . This observation, together with evidence for greater sea ice cover during glacials [Cooke and Hays, 1982; Crosta et al., 1998; Gersonde et al., 2005] and evidence for reduced opal burial south of the APF during the LGP (see above), led Chase et al. [2003] to suggest that increased sea ice cover rather than increased Fe supply was the primary factor responsible for reduced Si utilization in glacial Antarctic surface waters.
[12] Regardless of the cause for reduced Si consumption south of the APF during glacial periods, the fate of dissolved Si in surface waters transported northward across the APF holds vital implications for the viability of the SALH. If dissolved Si was consumed by diatoms in the Subantarctic zone and exported to depth as opal, then there would have been little difference the amount of Si introduced into the thermocline to later upwell at low latitudes. In this case, the impact on tropical coccolithophorids and hence atmospheric CO 2 would have been minimal. If, instead, the Si introduced to the thermocline was substantially greater during glacial periods, then impacts on atmospheric CO 2 could have been significant, since the low latitude regions where this water upwells offer the greatest potential for reducing CaCO 3 production by increasing the supply of dissolved Si. The degree to which dissolved Si that reached Subantarctic waters during the LGM would have been consumed by diatoms depends on multiple factors, such as the timescale for formation of mode waters and the availability of iron to support diatom growth [Chase et al., 2003] . Conditions related to these factors during glacial periods remain unknown, so the most direct strategy to test the SALH is to evaluate changes in opal burial in regions where the extra Si is expected to have upwelled, if it existed at all.
SALH Scenario
[13] The SALH is based on the assumption that dissolved Si did in fact exit the Subantarctic zone during glacial periods, to be transported through the thermocline to upwelling regions at lower latitudes. The sedimentary record of such an event should contain several features. In the Southern Ocean, total overall opal burial is predicted to have been lower during glacial periods than during interglacials. While some redistribution of opal burial is also expected, a net decrease is fundamental to the validation of the hypothesis. In low-latitude upwelling regions, opal burial is predicted to have increased during glacial periods. Barring any fundamental changes in ocean circulation, this increase is expected to be greatest in areas of strong upwelling and high productivity in the modern ocean.
[14] The sum of the evidence for opal burial in the SO is consistent with the predictions of the SALH, although the evidence is difficult to interpret because opal burial records exhibit substantial variability among the different sectors. In the Atlantic and Indian sectors of the SO, opal burial south of the APF during the LGP was less than during the Holocene, but this was offset by greater rates of deposition north of the APF, resulting in no discernable net change in total opal burial over this period [Chase et al., 2003; Francois et al., 1997; Frank et al., 2000; Kumar et al., 1995] . The Pacific sector, however, does not follow this pattern. While LGP opal burial south of the APF was less than during the Holocene, as seen in the Atlantic and Indian sectors, opal burial north of the front during the LGP was only slightly greater than during the Holocene, resulting in lower overall opal burial during the LGP in the Pacific sector of the SO [Chase et al., 2003] . Assuming that the supply of Si by upwelling in the SO remained unchanged, an assumption supported by glacial opal burial rates in the Atlantic and Indian sectors (see above), the reduced glacial opal burial rates in the Pacific sector of the SO allow for export of unused Si into the thermocline followed by transport to low-latitude upwelling regions.
[15] If the supply of dissolved Si to low-latitude upwelling regions were greater during glacial periods, then this excess Si would have put diatoms there at a competitive advantage over other taxa, including coccolithophorids. The resulting decrease in CaCO 3 production would have increased ocean alkalinity so as to increase CaCO 3 preservation and bring the ocean alkalinity cycle back into balance, thereby drawing CO 2 out of the atmosphere (section 2.1).
The SALH therefore predicts that the sedimentary record will show increased opal burial in glacial-age sediments underlying low-latitude upwelling regions, along with indications that coccolithophorid production decreased at that time. This signal is expected to be greatest in the eastern part of the Pacific basin, as the strongest signal of SO water can be found there today [Sarmiento et al., 2004; Toggweiler et al., 1991] .
Study Area and Methods
[16] The cores studied in this paper are distributed from 146°E to 83°W, and 2°N to 5°S (Figure 2a ). In the eastern equatorial Pacific (EEP), two of these cores lie in the modern high-biomass region near the coast of Peru (V19-30, and RC11-238), two (V21-40, RC13-114) are farther west and one is to the north (RC13-140) ( Figure 2b ). V21-40 lies in the path of the South Equatorial Current (SEC) well away from South America. RC13-114 is within the equatorial upwelling zone, and is in the path of the Equatorial Undercurrent (EUC). RC11-238 is also beneath the EUC, as well as being on the western edge of the area of increased productivity surrounding the Peru upwelling. RC13-140 lies north of the major upwelling zone, in a lower productivity region. V19-30 is within the region where the SEC parts from the coast of South America. In the modern ocean this site has the highest primary productivity among the sites studied (Figure 2b ).
[17] In the central equatorial Pacific (CEP), near 140°W, TT013-PC72 is on the equator, while TT013-PC18 is at 2°S. For PC18, multicore data were used for the Holocene because of a lack of piston core samples for this study. Farther west, V28-203 underlies the EUC, and is toward the western boundary of the divergence-driven modern biomass plume along the equator. In the western equatorial Pacific (WEP) RC17-177 and MW91-9GGC48 are on the Ontong Java Plateau (OJP), although MW91-9 is located on the equator while RC17-117 is 1.5°to the north. MD97-2138 sits in the modern Western Pacific Warm Pool, in the shallower waters to the north of Papua New Guinea (PNG), east of the New Guinea Coastal Undercurrent. This core is also known to be in an area of high detrital flux coming from PNG [Milliman et al., 1999] . Additionally, MW91-9 BC36 and MW91-9BC51, box cores from the OJP, are used to supplement late Holocene data. Table 1 describes core location, length, depth, age control and data sources.
[ Th) and protactinium ( 231 Pa) concentrations were determined by inductively coupled plasma mass spectrometry after sediment dissolution (HNO 3 , HF and HClO 4 treatment) and anion resin column chemistry to separate the Pa fraction and U/Th fraction [Anderson and Fleer, 1982; Fleisher and Anderson, 2003] . Percent biogenic opal was measured by alkaline extraction after Mortlock and Froelich [1989] . Carbonate was measured by coulometry after Verardo et al. [1990] .
[19] Opal fluxes were evaluated by normalizing to 230 Th to correct for lateral redistribution of sediments by deep-sea currents [Bacon, 1984; Francois et al., 1990 Francois et al., , 2004 . Thorium normalization works on the assumption that the flux of particulate 230 Th sinking to the ocean floor is approximately equal to its known rate of production from 234 U decay in the water column because the residence time of 230 Th in the water column is relatively short (on the order of a few decades) [Anderson et al., 1983b] compared to the timescale for lateral mixing in deep ocean basins [Anderson et al., 1990] . Where burial rates of 230 Th are found to exceed its production in the water column, this is generally attributed to the lateral redistribution of sediments by deep-sea currents. The 230 Th normalization method has been supported by findings from both modeling [Henderson et al., 1999] and sediment trap studies [Scholten et al., 2001 [Scholten et al., , 2005 Yu et al., 2001] .
[20] Setting the vertical flux of 230 Th equal to its known production rate, fluxes of preserved material can be calculated as: F = CÂÂz xs 230 Th 0 where F is the flux of a sedimentary constituent of interest, C is the concentration of that constituent in bulk sediment, *z is equal to the production rate of 230 Th in the water column (z is the depth of the water column (cm) and = 2.63 * 10 À5 dpm cm À3 kyr
À1
), and xs 230 Th 0 is equal to the decay-corrected concentration of Th in the sample (dpm/g) in excess of that supported by its parent, 234 U. Th, 231 Pa is produced by radioactive decay of dissolved uranium ( 235 U), and it is removed from seawater by scavenging to particles. Protactinium has a longer residence time than thorium, however [Anderson et al., 1983a [Anderson et al., , 1983b , so it can be transported over basin-scale distances before being removed. Therefore Pa tends to be removed in areas of higher scavenging, or areas with higher particle flux [Lao et al., 1992 [Lao et al., , 1993 Taguchi et al., 1989] , and the 231 Pa/ 230 Th ratio on particles and in sediments tends to increase with increasing particle flux. Protactinium also has a particular affinity for sorption to opal over other particle compositions [Anderson et al., 1983a] , and it seems that sedimentary 231 Pa/ 230 Th ratios in open-ocean regions with low fluxes of particulate lithogenic material are primarily dictated by the opal/CaCO 3 ratio of the particulate matter, with total particle flux being a secondary contributor [Chase et al., 2002] Th production ration of 0.093 add information about past changes in diatom productivity, especially where diatoms are competing with coccolithophorids. /kyr, and thus the relative LGP-Holocene differences are less pronounced.
Results
[23] Opal fluxes in the central and western Pacific cores are less similar to each other than those in the EEP, and cannot be described as having a common trend (Figure 3b /kyr respectively). Cores MD2138 and MW91-9 both exhibit maximum opal fluxes during the glacial, with fluxes decreasing into the Holocene. The range in values for MW91-9 is only 0.02 g/cm 2 /kyr, but the range for MD2138 is higher than for any other western core (0.06 g/cm 2 /kyr), with high glacial values leading into a late glacial peak (0.08 g/cm 2 /kyr), followed by a decrease into the Holocene.
[24] The 231 Pa/ 230 Th activity ratios in the EEP are internally consistent among the cores investigated (Figure 3a) . Cores V21-40, RC11-238 and RC13-114 all display minima (approximately 0.11) between 25 ka and 18 ka. Ratios subsequently increase around 15 ka, peak near 10 ka (between 0.14 and 0.18), and then decrease slightly into the Holocene. V19-30 shows a similar pattern with higher ratios; a late glacial minimum near 0.15, and a deglacial peak of 0.25. RC13-140 shows the least range in values of any core in the EEP (0.02) with the exception of an anomalously large ratio near 19 ka. This anomalous value has been verified by a replicate analysis, so it is included here although its origin cannot be explained at this time. Th ratios in this core otherwise follow the pattern of other cores in the EEP.
[25] While many of the cores in the western and central Pacific showed relatively large internal variability through time with respect to opal flux, none of them exhibit ranges of 231 Pa/ 230 Th values greater than approximately 0.02 (Figure 3b) . This makes it difficult to describe any general Th ratios below the production ratio of 0.093, while MD2138 ranges from approximately 0.12 to 0.135. It is worth noting that our measured 231 Pa/ 230 Th ratios are very close to those measured by Pichat et al. [2004] for cores MD97-2138 and MW91-9 BC36. This internal consistency adds credibility to both sets of results. In order to use opal fluxes through time as a proxy for diatom productivity, we must first confirm that Holocene 230 Th normalized opal fluxes as calculated here bear a strong resemblance to present-day patterns of primary productivity in the region. While diatoms are not the only contributor to primary productivity, it is reasonable to assume that if the Holocene pattern of 230 Th normalized opal flux follows closely the modern pattern of primary productivity, then paleoproduction may have done the same. We check this assumption by comparing our average Holocene fluxes to the regional patterns of primary production (PP) in the Pacific calculated by Gregg et al. [2003] using SEAWiFS satellite imagery (Figure 2b ).
[27] Our Holocene 230 Th normalized opal fluxes (Table 2 ) are consistent with the spatial pattern of PP derived by Gregg et al. [2003] . We evaluated these data sets by performing a linear regression between the two, resulting in a positive correlation with an R 2 value of 0.8997 (Figure 4 ). On a basin-wide scale, opal fluxes decrease from east to west throughout the equatorial Pacific, just as PP does (Figure 2b) . On a smaller scale, within the EEP, opal fluxes are greatest near the coastal upwelling zone (V19-30), intermediate at sites on the equator but away from the coast (RC11-238 and RC13-114) and least at sites off the equator and farthest away from upwelling (V21-40 and RC13-140). This is also consistent with the spatial pattern of primary production derived by Gregg et al. [2003] (see Figure 2) . The general agreement between these two methods gives us confidence that down-core records are also a reasonable indicator of productivity in the region.
[28] This result is important because it gives us confidence that 230 Th normalization is producing reasonable results, something that has been the subject of recent controversy Loubere et al., 2004; Lyle et al., 2005; Paytan et al., 2004] . Proponents of the 230 Th normalization method suggest that traditional mass accumulation rates (MAR), calculated using average sedimentation rates between age control points, are biased because they cannot separate the fraction of sediment delivered to the core site by lateral transport from that supplied by the vertical rain of particles. In some cases, notably in the EEP, these two methods have produced widely divergent results when used on the same cores, particularly for mass fluxes during the LGP. Therefore the internal consistency of 230 Th normalized Holocene opal fluxes from this study and satellite-based estimates of PP, even over relatively small spatial scales in the EEP, provides reassuring support for the reliability of the 230 Th normalization method. Pa has a tendency to adsorb preferentially onto opal particles, since Boxes were constructed using modern productivity regimes (visible in SEAWIFS color climatology) to divide the eastern equatorial Pacific (EEP), central equatorial Pacific (CEP), and western equatorial Pacific (WEP). Average opal fluxes for each core during the late glacial (18 -28 kyr) and Holocene (0 -10 kyr) were used to construct average fluxes for each box, based on the cores included in its boundaries. The total area of each box was then used to calculate fluxes of opal per thousand years. Th ratios also follows a pattern that resembles that of primary productivity. Ratios in the EEP are the highest in the study overall, while values in the central and western parts of the basin average approximately half of EEP ratios. This is consistent with the general patterns observed in opal fluxes in these cores, and is therefore also consistent with the idea that opal is one of the dominant controls on 231 Pa/ 230 Th ratios show many of the same features as the opal flux records for each given core (Figure 3) . The best examples are from the EEP, where opal fluxes were greatest and therefore might be expected to exert the most influence over the scavenging of Pa from the water column. In V19-30, the increases in opal flux and 231 Pa/ 230 Th occur simultaneously around 15 ka, and decrease after 10 ka. RC13-114 also shows an increase in each proxy around 19 ka, although this is slightly earlier than the increase seen in V19-30. RC13-114 contains an outlier point, as do RC11-238 and RC13-140, but none of these obscure the fact that, otherwise, the 231 Pa/ 230 Th ratio and opal flux records in these cores tend to exhibit very similar down-core patterns. Records of these two proxies in the central and western Pacific are more difficult to compare, which is not surprising given the low opal fluxes there and the relatively small changes through time in 231 Pa/ 230 Th ratios (see above). Nevertheless, the records from 140°W show good temporal agreement between changes in opal flux and 231 
Pa/ 230
Th ratio (Figure 3b) , with both proxies increasing starting just before 20 ka. RC17-177 also shows increases in both proxies at this time, although the records differ somewhat after that point.
[31] The good correlation between 231 
Th ratio and opal flux, over natural variability in time and space, supports the view that diatom productivity and opal rain are primary variables influencing sedimentary 231 Pa/ 230 Th ratios. This correlation is supported by the strong spatial similarities of both Holocene opal fluxes and Holocene 231 Pa/ 230 Th ratios to modern patterns of primary productivity. These correlations give us confidence that our use of 231 Pa/ 230 Th ratios to confirm down-core variability of 230 Th normalized opal fluxes is justified, and also that trends in opal flux therefore primarily reflect changes in diatom productivity rather than opal dissolution.
Testing the SALH
[32] The SALH predicts that equatorial Pacific opal burial during the long interval (50 -20 kyr) of low atmospheric CO 2 in the late glacial period should have been greater than during the Holocene. This study focuses on the period from the late glacial through the Holocene because the late glacial is predicted to have the strongest opal flux signal of the glacial period, making the glacial-Holocene interval the one in which the largest predicted relative change takes place. Since our records extend to 30 ka, if the SALH predictions are correct, then we should see the end of this period of elevated flux before a decrease into the Holocene. The 230 Th normalized opal fluxes from these eleven cores, however, do not show such a signal (Figure 3) . In fact, in eight of the cores, the lowest opal flux occurs at approximately 20 ka. Only two of the western cores, MD2138 and MW91-9, show maximum opal fluxes during the glacial period. There is a later opal peak in cores V19-30 and RC11-238, spanning approximately 15-10 kyr, which is also partly visible in cores RC13-114, TT013-72 and TT013-18. This peak does not support the SALH hypothesis however, as good age control on these cores show this peak to be clearly deglacial.
[33] In order to estimate the impact on the equatorial Pacific Si budget, we calculated total opal flux during the late glacial and Holocene in three boxes in the region (Table 2 ). For the sake of illustration, the calculations assume that our records are representative of average conditions between 5°N and 5°S, although we recognize that data from additional cores would be needed to produce a comprehensive evaluation of opal fluxes in the equatorial Pacific. The EEP (80°W-110°W), CEP (110°W -180°), and WEP (180°-145°E) boxes were divided based on modern productivity regimes, visible in SEAWiFS ocean color climatology. We then averaged the opal fluxes for cores within each box for the Holocene and late glacial respectively (Holocene = 0-10 kyr, late glacial = 18 -28 kyr). Finally, using the area of each box (Table 2) , we were able to estimate the mass of opal buried per thousand years in each. The EEP and CEP both have higher opal fluxes during the Holocene than during the glacial. In the EEP, opal flux increased by 1.4 Gt/kyr (36%) from the glacial to the Holocene, and in the CEP by 1.8 Gt/kyr (63%). The WEP shows the opposite trend, with glacial fluxes 0.3 Gt/kyr (26%) greater than Holocene fluxes. In sum, however, these results do not support the SALH, as we estimate that (Figure 3) . In the CEP, V28-203 is anomalous. Like the TT013 cores, opal fluxes are greater during the Holocene than during the LGM, but unlike the other cores from the EEP and CEP, the 231 Pa/ 230 Th ratio in V28-203 is slightly but systematically greater during the glacial (Figure 3b ). Temporal changes in the 231 Pa/ 230 Th ratio are small in this core, and may be influenced by other factors more than by opal flux at this site.
[35] All three cores in the WEP exhibit higher 231 Pa/ 230 Th ratios in the Holocene than during the late glacial, although MD97-2183 and RC17-177 change only slightly over that range (0.004 and 0.006 respectively). Higher 231 Pa/ 230 Th ratios during the Holocene is similar to the pattern seen in the EEP and CEP, but is not consistent with opal data from the WEP. Opal fluxes in MW91-9 and MD97-2138 are both greater during the glacial than the Holocene, which suggests that something besides opal flux may be a dominant control on 231 Pa/
230
Th ratios in this area of the equatorial Pacific. Opal fluxes in MD97-2183 are twice as high as in the two other WEP cores, and it is possible that because of close proximity to the Papua New Guinea coast, extremely high detrital fluxes [Milliman et al., 1999] may have decoupled these two signals somewhat.
[36] Within areas of relatively greater productivity, opal flux and 231 Pa/ 230 Th ratios are highly correlated. This is true in the EEP and in the CEP for the two higher-flux cores (TT013-PC72 and PC18). This gives us confidence that, in these areas, 230 Th-normalizd opal fluxes provide an accurate measure of relative changes in diatom productivity. In areas of lower opal flux, the relationship between 231 Pa/ 230 Th ratios and opal flux is not as straightforward. V28-203 in the CEP, and MW91-9 and MD97-2138 in the WEP are good examples of this. While temporal variability of detrital input may play a role in changing 231 Pa/ 230 Th ratios in core MW97-2138, it is also possible that at the sites with the lowest opal flux the preserved opal is relatively more sensitive to changes in opal dissolution, which would decouple the opal flux/ 231 Pa/ 230 Th relationship. However, because these two proxies are consistent over space and time in the majority of our cores, particularly in the highproductivity region of the EEP, we are confident that the spatial and temporal variability of the 230 Th-normalized opal fluxes reflects primarily diatom productivity, not simply a pattern of spatial or temporal changes in opal dissolution.
[37] While our results from the equatorial Pacific argue against the SALH, it is possible that the pattern predicted by the SALH exists in an area of the tropical ocean not represented by these cores, namely the equatorial Atlantic or Indian Oceans. However, our knowledge of SAMW circulation today indicates the EEP as the most likely site to receive excess dissolved Si exported from the Southern Ocean via mode waters [Toggweiler et al., 1991] . Therefore, if the pattern of ocean circulation during the late glacial period was roughly similar to the present, then our results represent a serious challenge to the SALH. However, it has been suggested that continental shelf and upper slope sediments may contain a much greater fraction of buried opal than is usually taken into account when making marine Si budgets [DeMaster, 2002] . If this is the case, it is possible that the leaked silica could have been deposited on continental margins. This possibility remains to be investigated.
[38] Of course, if ocean circulation during the late glacial period was significantly different than today, the number of possible destinations for excess Si exported from the SO is increased. If SAMW did not behave during the glacial as today, the dissolved Si could have been transported to other areas of the ocean altogether. Alternatively, Si could have been incorporated into an entirely different water mass in the Subantarctic, making SAMW irrelevant. These possibilities lead to another question: If glacial circulation was different than the present, where else might dissolved Si have been transported, and by how much can circulation reasonably be assumed to have changed? These are questions beyond the scope of a localized study such as this, but future study of paleoproductivity in other regions during this time period may benefit from this framework.
Evidence for El Niñ o-Like Conditions During the Late Glacial Period
[39] While our results argue against the SALH, they are consistent with evidence from previous studies for increased El Niñ o-like conditions during the late glacial in the equatorial Pacific Ocean [Beaufort et al., 2001; Koutavas et al., 2002; Stott et al., 2002] . Koutavas et al. [2002] examined meridional temperature gradients across the EEP cold tongue during the LGM using Mg/Ca ratios and 18 O in foraminifer shells. Sea surface temperatures in this upwelling area exhibit large changes (5°-10°C) associated with El Niños. During El Niños the thermocline deepens in the EEP, and the upwelling-favorable Trade Winds may weaken. Both factors reduce the upwelling of cool water, which decreases the temperature gradient between the equator and sites a few degrees to the north or south. Koutavas et al. [2002] used down-core records to show that conditions during the LGM had the characteristics of a prolonged El Niño. They found that compared to Holocene conditions, LGM temperatures on the equator cooled less than those at 3°N, leading to a smaller meridional SST gradient, as exists today during El Niños.
[40] Beaufort et al. [2001] examined primary productivity across the equatorial Pacific and Indian Oceans over the past 250 kyr. Primary productivity is in part controlled by the depth of the thermocline, since a deeper thermocline reduces nutrient supply to surface waters as nutrient-rich waters are depressed below the depth from which upwelled waters are drawn [Cane, 1986] . El Niño-like conditions imply reduced productivity in the EEP because of a deepened thermocline, and increased productivity in the WEP because of shoaling of the thermocline associated with the eastward movement of the West Pacific Warm Pool [Cane, 1986] . Therefore primary production in the EEP falls below average during El Niños because of lessened nutrient availability, while production in the WEP increases as nutrients are brought closer to the euphotic zone by the shoaled thermocline there. This is consistent with the results of Beaufort et al. [2001] , whose down-core records in the WEP show increased productivity there during the late glacial period. Evidence for El Niño-like conditions during the late glacial is also corroborated by our results, which show decreased glacial diatom productivity in the EEP, and increased late glacial productivity in two of the WEP cores. Specifically, all cores from this study within the cold tongue show a decrease in opal fluxes during the LGM compared to the Holocene, suggesting that overall productivity there was lessened.
[41] Our study cannot confirm the glacial El Niño hypothesis. We merely provide support for it, since there are at least four possible causes for decreased opal fluxes in the EEP during the LGM. A ''glacial El Niño'' scenario is one, either through increased frequency of El Niños or a more persistent mean pattern of a deepened thermocline/nutricline in the EEP during the LGM. Included in this scenario is the possibility that silica was in fact leaking out of the SO, and was not buried in the EEP because of the depressed thermocline and the associated drop in productivity. Another possibility is that winds driving upwelling were weakened during the LGM, reducing upwelling strength, thereby decreasing nutrient supply to the surface and productivity. A third possibility involves a change in the source region for upwelled water that could have lowered overall nutrient concentrations in the EEP. This may have been due to changes in LGM ocean circulation, and would explain lower EEP opal fluxes without invoking ENSO behavior. Finally, it is possible that water upwelled in the EEP simply contained Si/N in a lower ratio than today, also because of a change in source waters.
[42] The first three scenarios described above (glacial El Niño, weaker winds, and changes in source region) all invoke lower overall nutrient supply to surface waters of the EEP during the LGM, something that should be reflected in the sedimentary record as lower productivity of all phytoplankton taxa. This is consistent with other work in the EEP, which showed that the export flux of calcite during the LGM was 30-50% lower than in the Holocene [Loubere et al., 2004] . Robinson et al. [2005] addressed the idea that a change in the nutrient concentration of source waters was the cause of lower EEP productivity in the LGM, using 15 N to reconstruct nitrate utilization during the LGM in Subantarctic surface waters. Their results imply increased nitrate utilization in the Subantarctic during the LGM, and they point out that this would also have lowered the nutrient content of the low-latitude thermocline, decreasing overall productivity in the EEP. Finally, the three scenarios that imply lower overall productivity do not preclude conditions that would have limited diatoms specifically (lower Si/N in upwelled water). If this were the case, diatom productivity would suffer at the expense of coccolithophorids. This hypothesis could be tested by comparing relative changes in diatom and coccolithophorid productivity in the EEP during the LGM and Holocene.
Conclusions
[43] The data from this study do not support the SALH. Opal fluxes during the late glacial were lower than Holocene fluxes in nine of eleven cores studied, the opposite of SALH predictions. The greatest relative changes are seen in EEP cores, where the strongest signal of varying dissolved Si export from the Southern Ocean is expected. The 231 Pa/ 230 Th ratios support these trends, particularly in the eastern part of the basin, which is an indication that changes in opal fluxes during this time are not likely the result of dissolution, but are rather a productivity signal. Additionally, spatial patterns of opal flux and 231 Pa/ 230 Th ratios are consistent with estimates of primary productivity based on satellite images, which supports our use of opal fluxes to reconstruct past changes in diatom productivity. These three separate estimates of productivity also give us confidence that the 230 Th normalization method is producing reasonable results.
[44] Additionally, our results lend support to the idea that the glacial period in the equatorial Pacific had many characteristics of an El Niño. Decreased productivity in the cold tongue of the EEP and increased productivity in areas of the WEP are consistent with either more frequent El Niño events, or a prolonged period of El Niño-like conditions. When taken in the context of the larger body of work in the equatorial Pacific, our data suggest that while we can agree on many features of the glacial ocean, the paleoceanographic community is still in need of a large-scale model of paleocirculation and nutrient cycling that are consistent with this large body of data.
